Abstract: Conventional image-reject mixing based on Hartley and Weaver architectures cannot deal with the mixing spurs generated by the nonlinearity of the mixer, leading to a fundamental restriction on the instantaneous bandwidth and frequency tuning range. This paper proposes and demonstrates a new architecture for broadband image-reject mixing enabled uniquely by photonics. The RF signal and the electrical LO signal are converted into the optical domain and are then launched into the signal and LO ports of a 90-degree optical hybrid, respectively. The optical hybrid coupler introduces 0, π, π/2 and 3π/2 phase shifts to the input signals, so a new dimension for additional balanced detection is enabled, which can dramatically remove the undesirable mixing spurs and the common-mode noises. As a result, the proposed architecture suppresses the downconverted image and the nonlinear mixing spurs simultaneously, enabling a truly wideband microwave frequency mixer. A theoretical and experimental investigation is performed. More than 60-dB image rejection and mixing spur suppression is achieved over a 40-GHz working frequency range.
overlap with the wanted IF signal, the existence of them lays a fundamental restriction on the instantaneous bandwidth and frequency tuning range of the RF systems. With the fast development of wideband systems, broadband image-reject mixing becomes a key requirement for 5G and beyond wireless communications, ultrahigh-capacity satellite payloads, electronic warfare, and multifunctional radars. In this paper, we propose a new image-reject mixing architecture that can simultaneously realize high rejection of the linear image and leakage components and significant suppression of the nonlinear mixing spurs over multi-octave frequency range. The key to realizing such an architecture is the fact that the hybrid coupler implemented in the optical domain can simultaneously introduce precise 0, π, π/2 and 3π/2 phase shifts to the input signals [16, 17] , so a new dimension for additional balanced detection is enabled, which can remove the undesirable mixing spurs. A theoretical and experimental investigation is performed on the low-spur-level IRM based on the proposed balanced Hartley architecture. More than 60-dB image and mixing spur suppression is achieved over a frequency range of 40 GHz. Performance of the mixing spur rejection ratio versus the LO power is also investigated. The schematic diagram of the proposed balanced Hartley architecture for broadband imagereject microwave mixing is shown in Fig. 2 . The RF signal at ω RF (containing the image at ω IM ) and the electrical LO signal of ω LO are converted into the optical domain, and are then injected into the signal and LO ports of a 90-degree optical hybrid, respectively. The frequency of the optical carrier is set to be ω c . The optical fields of the optically-carried RF signal (containing the image) and the LO can be written as 
Principle
As can be seen, the RF leakages at ω RF and ω IM , and the mixing spurs at 2ω IF = |ω RF -ω IM |, 2ω RF , 2ω IM , and ω RF + ω IM are eliminated. In addition, the two electrical outputs of i I and i Q are quadrature because the 90-degree optical hybrid also introduces a quadrature phase of the optical LO for the in-phase and the quadrature optical outputs (i.e., I 1 and Q 1 , I 2 and Q 2 ). By combining i I and i Q using an electrical hybrid, an additional π/2-phase difference will be introduced, so the output can be expressed as
From Eq. (3), the downconverted image at |ω LO -ω IM | and the mixing spurs at ω RF + ω LO , ω LO + ω IM and the LO leakage at ω LO are removed. Only the desired IF signal at ω IF = |ω RF -ω LO | is left. In this way, a photonics-based IRM with mixing spurs largely suppressed is realized. Note that the suppression of the image and the mixing spurs is not determined by the amplitudes of the optical carrier and sidebands, indicating that the modulation scheme of the optical RF signal can be arbitrary. The introduced π/2 and 3π/2, π-phase shifts have important effects with the system performance. In order to achieve excellent performance, precise phase shifts should be provided. In addition, since the required phase differences are realized through photonic techniques, the consistencies of the required phases are guaranteed over a wide RF frequency range, ensuring the large suppression of the image and the mixing spurs within broad bandwidth.
Experimental results and discussions
An experiment based on the scheme shown in Fig. 2 is carried out. An optical carrier with a wavelength of 1550.5 nm and a power of 16 dBm is generated from an LD (Teraxion PS-NLL-1550.52-80-04) and then split into two parts with equal powers. A Mach-Zehnder modulator (MZM) with a bandwidth of 40 GHz and a half-wave voltage of less than 4 V is incorporated in each branch to realize the electrical to optical conversion. A 90° optical hybrid (Kylia COH28) is used to combine the two paths, which outputs four signals to two BPDs. The BPDs (BPDV2150R-VF-FP) have a bandwidth of 40 GHz and a responsivity of 0.53 A/W. The optical spectrum is measured by an optical spectrum analyzer (OSA, YOKOGAWA AQ6370C) with a resolution of 0.02 nm, and the electrical spectrum is observed by an electrical spectrum analyzer (ESA, R&SFSV40) with a frequency range of 10 Hz-40 GHz. In addition, the electrical waveforms are observed by a 32-GHz digital oscilloscope (Agilent DSO-X 92504A).
The modulation formats of the optical RF signal (containing the image) and the LO signal are both set to be the carrier-suppressed single sideband (CS-SSB) modulation. An optical filter is inserted in each branch to remove the undesired sidebands. The LO signal is fixed at 15 GHz with a power of 12 dBm, and the RF signal has a power of 9 dBm and a frequency swept from 15.1 to 20 GHz with a step of 100 MHz. Figure 3 shows the electrical spectra (dashed line) of the IF signals downconverted from the RF signals, which have a power of ~-25 dBm. Then, the RF signal is switched to the image frequency (from 14.9 to 10 GHz). Its power is also fixed at 9 dBm. The downconverted images are shown as the solid lines in Fig.  3 . As can be seen, an image rejection ratio of 60 dB can be guaranteed for the whole 5-GHz range. Then the RF signal and the image are simultaneously injected into the system. Figure 4(a) shows the results using the microwave photonic IRM based on the Hartley architecture [13] , i.e., only single-end detection is applied. A mixing spur at 2ω IF = |ω RF -ω IM | (red solid line) is generated, which is very close to the downconverted signal at ω IF . If the microwave photonic IRM based on the proposed balanced Hartley architecture is applied, as shown in Fig. 4(b) , the undesired mixing spurs are suppressed by more than 60 dB over the whole 5-GHz tuning range. Figure 5 shows the output mixing results over 0-40 GHz range for the scheme without and with the balanced detection when the RF signal is tuned from 16 to 29 GHz with a step of 1 GHz (containing the corresponding image) while the LO signal is fixed at 15 GHz. For the scheme using the conventional Hartley architecture, the mixing spurs overlap with the wanted IF components, as shown in Fig. 5(a) . By using the proposed balanced Hartley architecture, a large suppression of the mixing spurs is ensured, as shown in Fig. 5(b) . Figure 6 shows the image and mixing spur suppression ratio when the RF signal is tuned from 4 to 40 GHz. The LO frequency is selected to let the IF frequency fixed at 1.5 GHz. By using the conventional Hartley architecture, the image can be suppressed by more than 60 dB, while the mixing spurs suppression ratio is <5 dB. By using the proposed balanced Hartley architecture, both the image and the mixing spurs are suppressed by more than 60 dB among the whole tuning range, as shown in Fig. 6(b) . The fluctuation of the image/mixing spurs suppression ratio is mainly due to the deviation of the introduced phase shifts and the environment effects. The typical value of the phase shift deviation of the 90-degree optical hybrid used in the experiment is ± 2 degree. By using devices having more accurate phase and amplitude responses, the system performance can be further improved. The mixing spur rejection ratio versus the LO power is also investigated. The frequencies of the RF signal and the image are set to be 16.5 and 13.5 GHz, respectively, and the LO frequency is 15 GHz. The power of the RF signal is fixed at 10 dBm, while the LO power is increased from −10 to 10 dBm. As can be seen from Fig. 7 , the mixing spur suppression ratio increases linearly with the LO power for both the two schemes. As compared with the conventional Hartley architecture, for all the conditions, about 60-dB improvement of the mixing spur suppression ratio is achieved using the proposed balanced Hartley architecture. The above measurements are performed based on single-or dual-frequency input, which can only form very few mixing spurs. Figure 8 shows the case when a RF signal and its image with broad instantaneous bandwidth are introduced. The RF signal is a linearly frequencymodulated (LFM) signal with an instantaneous bandwidth of 3 GHz centered at 16.5 GHz, and the LO signal has a frequency of 14 GHz and a power of 10 dBm. The corresponding image has an instantaneous frequency of 10-13 GHz. By injecting the RF signal and the image simultaneously, the mixing results from the scheme using the Hartley architecture are shown in Figs. 8(a1) and 8(b1). As can be seen, the mixing spur (2-8 GHz) overlaps with the downconverted IF signal (1-4 GHz) which obviously cannot be removed by filtering. Figures  8(a2) and 8(b2) show the output of the proposed scheme. As can be seen, a clean IF signal centered at 2.5 GHz with a 3-GHz bandwidth is obtained with the image and mixing spurs largely suppressed. In addition, thanks to the balanced detection, all the output optical power of the 90° optical hybrid can be used while the scheme based on the Hartley architecture can only apply two of the four optical channels. As a result, a 6-dB power gain of the IF signal can be observed in Fig. 8(a2) . Thus, using the proposed architecture, a broad instantaneous bandwidth is guaranteed with an improved conversion efficiency.
In order to verify that the proposed architecture is insensitive to the modulation format of the optically-carried RF input, we change it from CS-SSB modulation to double-sideband (DSB) modulation. The latter is very common in the optical communications. The RF signal is an LFM signal with an instantaneous bandwidth of 2 GHz centered at 13.5 GHz, and the LO has a frequency of 11.5 GHz. For the Hartley architecture, by injecting the RF signal and the corresponding image simultaneously, the mixing spur (2-6 GHz) overlaps with the desired IF signal (1-3 GHz), as shown in Fig. 9(a) . The RF leakage (12.5-14.5 GHz) and the image leakage (8.5-10.5 GHz) with relatively high power can also be observed. Figure 9(b) shows the case when the proposed balanced Hartley architecture is applied. Again, a clean IF signal centered at 2 GHz with large suppression of the leakages and mixing spurs is obtained. Thus, the proposed balanced Hartley architecture can work well with different optical modulation format of the RF signal, which agrees well with the theory. In order to further improve the system performance, feedback controlling circuits can be involved to adjust the phase shifts precisely. In addition, with the development of integrated photonic technologies, the performance can also be further improved by integrating the scheme into a chip.
Conclusion
In conclusion, we have proposed and demonstrated a novel architecture for broadband imagereject mixing which is uniquely enabled by photonic technology. As compared with the traditional Hartley or Weaver architecture, the proposed balanced Hartley architecture can reject the downconverted image, the RF/LO leakages and the nonlinear mixing spurs simultaneously. In an experiment, all these undesired components are suppressed by more than 60 dB over a 40-GHz working frequency range. In addition, a 6-dB improvement of the conversion efficiency is obtained by the proposed architecture. The concept can find applications in future wideband and multifunctional RF systems, including 5G and beyond wireless communications, ultrahigh-capacity satellite payloads, electronic warfare and multifunctional radars.
